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Animals use the insulin/TOR signaling pathway to
mediate their response to fluctuations in nutrient
availability. Energy and amino acids are monitored
at the single-cell level via the TOR branch of the path-
way and systemically via insulin signaling to regulate
cellular growth andmetabolism. Using a combination
of genetics, expression profiling, and chromatin im-
munoprecipitation, we examine nutritional control
of gene expression and identify the transcription fac-
tor Myc as an important mediator of TOR-dependent
regulation of ribosome biogenesis. We also identify
myc as a direct target of FOXO and provide genetic
evidence that Myc has a key role in mediating the
effects of TOR and FOXO on growth andmetabolism.
FOXO and TOR also converge to regulate protein
synthesis, acting via 4E-BP and Lk6, regulators
of the translation factor eIF4E. This study uncovers
a network of convergent regulation of protein biosyn-
thesis by the FOXO and TOR branches of the nutri-
ent-sensing pathway.
INTRODUCTION
The insulin/TOR pathway plays a central role in nutrient sensing,
by whichanimals regulate growth and energy balance in response
to environmental conditions. Information about nutritional status
is sensed directly at the individual cell level via one branch of
the pathway, containing TOR complex 1 (TORC1). This branch
is conserved from yeast to humans and senses amino acid avail-
ability (by TOR) and ATP/AMP load (by AMPK; reviewed by Wulls-
chleger et al., 2006). In multicellular animals, additional informa-
tion about nutritional status is conveyed systemically through
the hormonal action of insulin. Insulin/IGF signaling activates a
relay of phosphorylation events leading to activation of PI3K
(phosphatidylinositol 3-kinase) and the protein kinase Akt (re-
viewed by Hay, 2005). This in turn activates the TORC1 branch
of the pathway and at the same time represses a second branchcontaining members of the forkhead-like transcription factor
family, including Drosophila FOXO (reviewed by Greer and
Brunet, 2005).
Metabolic and growth abnormalities result from aberrant sig-
naling through this pathway. Among its important outputs is mod-
ulation of cellular protein biosynthesis. When nutrient levels are
low, protein biosynthesis is reduced—a reasonable response,
as protein synthesis is one of the primary energy-consuming
processes in the cell. Consistent with this notion, flies that are un-
able to modulate cellular translation rates in response to nutrient
deprivation because they lack the translation inhibitor 4E-BP are
sensitive to fasting and die more quickly than controls (Teleman
et al., 2005).
Although much has been learned about signal propagation
through the insulin/TOR pathway, how the different outputs
actually regulate cellular processes such as protein biosynthesis
remains less well understood. Signaling through PI3K and Akt/
PKB leads to the inactivation of GSK3, which in turn inhibits
eIF2B. eIF2B is required for recycling of eIF2, an important trans-
lation initiation factor, so this leads to increased cellular protein
synthesis (reviewed in Proud, 2006). TORC1 regulates transla-
tion in part by phosphorylating S6 kinase and the eIF4E inhibitor
4E-BP (Wullschleger et al., 2006). TORC1 also regulates ribo-
some biogenesis by promoting transcription of ribosomal RNA
genes via the transcription factor RRN3/TIF1A (Claypool et al.,
2004; Mayer et al., 2004). More recently, TOR has been shown
to also regulate expression of protein-coding genes involved in
ribosome assembly (Guertin et al., 2006). How TOR regulates
expression of these genes, however, remains an open question.
In addition, PI3K/Akt signaling regulates protein biosynthesis
via a number of transcriptional outputs, perhaps involving the
FOXO branch of the pathway. In Drosophila, FOXO positively
regulates the expression of 4E-BP (Junger et al., 2003; Puig
et al., 2003). Whether FOXO might have other roles in the control
of protein biosynthesis has not been established.
Here, we present a functional genomics approach in Drosoph-
ila to understand how nutritional signaling regulates gene expres-
sion at the transcriptional level. Using a combination of genetics,
expression profiling, and chromatin immunoprecipitation, we find
that a large portion of the transcriptome is nutritionally regulated
and that much of this regulation requires FOXO. We uncover
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Regulation of Protein Biosynthesis by Insulina network of convergent regulation of protein biosynthesis by
FOXO and TOR acting directly via 4E-BP and Lk6. We also iden-
tify the transcription factor Myc as both a FOXO target and an
important mediator of TOR-dependent transcriptional regulation
of genes involved in ribosome assembly. This study provides
a genome-wide view of nutrition-dependent transcriptional
responses and links Myc, a key transcription factor involved in
control of cell growth and division (Johnston et al., 1999), to the
nutrient-sensing signaling network.
RESULTS
Transcriptional Response to Nutritional Deprivation
In order to study the transcriptional output of nutrient sensing
in vivo, we compared the transcriptional expression profile of
normally fed Drosophila larvae to that of siblings deprived of
nutrients. After 18 hr of fasting, expression of the three insulin-
like peptide genes previously shown to be nutrient responsive
(dILP2, 3, and 5; Ikeya et al., 2002) was markedly reduced com-
pared to fed larvae (see Figure S1 available online). We focused
our analysis on muscle and adipose tissue, two major insulin-
responsive tissues, by dissecting out either larval body wall or
fat body and extracting RNA from these isolated tissues. After
data normalization and statistical analysis using significance
analysis of microarrays (SAM), we found that 1943 genes were
altered significantly in muscle, representing >10% of the tran-
scriptome (see Experimental Procedures for statistical analysis).
Among these were genes previously reported to be insulin de-
pendent and to play a role in controlling organismal metabolism,
such as Gapdh2 (4-fold down), lactate dehydrogenase B (ImpL3;
2-fold down), 3-oxoacid CoA-transferase (CG1140; 2.5-fold
down), and 4E-BP (6-fold up; Mounier and Posner, 2006;
Rome et al., 2003). In adipose tissue, 1707 genes were signifi-
cantly regulated, including genes previously shown to be insulin
responsive in adipose tissue such as 4E-BP (5.6-fold up), CPTI
(CG12891; 2.5-fold up), Pdk (7-fold up), and fatty acid synthase
(CG3523; 16-fold down).
Gene Ontology term enrichment analysis indicated that genes
in categories involving amino acid, lipid, carbohydrate, and en-
ergy metabolism were most affected in both tissues (Table S1).
Closer inspection revealed that regulated genes fell into clear
functional categories. For instance, in muscle, almost all compo-
nents of the signal recognition particle (SRP), involved in trans-
porting nascent proteins into the ER, were downregulated
upon fasting, as were most mitochondrial ribosomal protein
(mRP) genes (Figure 1B). In Figures 1A–1C, the left columns
show the response of genes to nutrient deprivation in wild-type
muscle, the middle columns show their regulation in the absence
of FOXO (discussed below), and the right columns show the dif-
ference in regulation between the two (D), indicating the extent to
which the insulin-dependent gene regulation is FOXO mediated.
In muscle, in addition to changes in expression of genes involved
in carbohydrate and lipid metabolism (Figure 1A), the data gen-
erally indicated a strong downregulation of genes involved in
translation and protein biosynthesis. Aminoacyl tRNA synthe-
tases, translation initiation and elongation factors, SRP compo-
nents, and some ribosomal proteins were downregulated, as
were mitochondrial ribosomal proteins (Figure 1B). Furthermore,
genes involved in mitochondrial biogenesis and function were
22 Cell Metabolism 7, 21–32, January 2008 ª2008 Elsevier Inc.also downregulated (Figure S2), such as mitochondrial ribo-
somal proteins, translocase components, and respiration and
ATP synthesis components, as well as TCA cycle and ketone-body
metabolism genes. Contrary to the general trend of downregula-
tion of mitochondrial biogenesis and function, genes involved in
fatty acid oxidation, which also occurs in mitochondria, were
upregulated (Figure S2). This might reflect the need for muscle
under fasting conditions to use energy that had been stored as
fatty acids. The overall profile of changes in muscle gene expres-
sion suggests that the organism tries to conserve resources
upon fasting, in response to reduced insulin, by shutting down
protein synthesis and mitochondrial biogenesis, both of which
are energetically expensive.
In comparing genes transcriptionally regulated in muscle ver-
sus adipose tissue, we found considerable tissue specificity
(Figure 1D). Roughly half of the genes in each tissue were not
significantly regulated in the other tissue. Furthermore, there
was a category of 155 genes that surprisingly were significantly
regulated in both tissues, but in opposite directions (upregulated
in one tissue and downregulated in the other). Genes in this cat-
egory might have gone undetected in a whole-animal analysis.
This tissue specificity likely reflects the different roles of the
two tissues in the organism during fasting. As in muscle, a large
number of genes involved in lipid and carbohydrate metabolism
were regulated in adipose tissue upon fasting (Figure S3).
Furthermore, the general trend of reduced expression of genes
involved in protein biosynthesis was observed, although less
strongly than in muscle, with a large number of ribosomal
proteins being upregulated rather than downregulated. This likely
reflects the need for adipose tissue to remain metabolically active
in order to mobilize stored lipids during nutrient deprivation.
FOXO Mediates Much of the Transcriptional Response
The insulin/PI3K signaling pathway has two main output
branches, one via the transcription factor FOXO and one via
the protein kinase complex TORC1. FOXO and TORC1 are
each known to regulate gene expression, presumably indirectly
in the case of TORC1 (Guertin et al., 2006). In order to assess
the contribution of the FOXO branch of the pathway to the
gene expression changes induced by fasting, we performed
transcriptional profiling in parallel using FOXO25/21 mutants.
These null mutant animals are slightly but significantly reduced
in size and have metabolic defects (Junger et al., 2003). Only
218 genes were altered significantly in muscle in response to
starvation in the FOXO mutants, compared to 1943 genes in
wild-type controls. SAM analysis showed that 1250 genes
were differentially regulated in a significant manner in wild-type
controls compared to the FOXO mutants. In FOXO mutant
adipose tissue, only 498 genes were significantly regulated,
compared to 1707 in wild-type. Taken together, these data indi-
cate that FOXO plays an important role in the response to insulin
signaling in both tissues, being required for a large proportion of
the transcriptional changes.
Some categories of genes are predominantly FOXO regulated
during fasting. For instance, in muscle, regulation of components
of the SRP or the ribosomal proteins (RP) is mainly FOXO medi-
ated (Figure 1B). For these genes, most of the insulin-dependent
regulation was lost in theFOXOmutants, and columns 1 and 3 are
similar. In a few exceptional cases, such as the cuticle proteins,
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Regulation of Protein Biosynthesis by InsulinFigure 1. Regulation of Classes of Genes in Response to Fasting, in Part via FOXO
(A–C) Genes that were altered significantly in early third-instar larval muscle, grouped by functional category. Green indicates lower expression; red indicates
higher expression (scale = log2 fold change). The first column indicates regulation in wild-type (WT) animals, the second column indicates regulation in
FOXO21/25 mutants (FOXO), and the third column (D) shows the difference between the first two columns, indicating the amount by which the gene is regulated
by FOXO in response to fasting.
(A) Genes involved in carbohydrate and lipid metabolism.
(B) Genes regulating cellular translational capacity: translation initiation and elongation factors (eIF), signal recognition particle (SRP) components, ribosomal
proteins (RP), aminoacyl tRNA synthetases (Aats), and mitochondrial ribosomal proteins (mRP).
(C) Example of an exceptional gene category, cuticle structural constituents, that is regulated in a predominantly FOXO-independent manner.
(D) Venn diagram showing the relationship between genes found to be significantly regulated by nutrient deprivation in adipose tissue and in muscle. Eight hun-
dred and eighty-two genes were regulated in the same direction upon nutrient deprivation in both tissues (i.e., upregulated or downregulated in both), whereas
155 genes were regulated in opposite directions (i.e., upregulated in one and downregulated in the other).the regulation is mainly FOXO independent (Figure 1C). For the
majority of categories, fasting-induced gene regulation is partly
FOXO mediated and partly FOXO independent (e.g., lipid metab-
olism genes; Figure 1A). Notably, FOXO has a strong impact on
expression of RP genes as well as other genes involved inmany aspects of protein biosynthesis in both muscle (Figure 1B)
and adipose tissue (Figure S3). Thus, insulin signaling controls
translation not only via the TOR branch of the pathway (via S6K
and 4E-BP) but also via the FOXO branch, by transcriptionally
regulating genes involved in translational control.Cell Metabolism 7, 21–32, January 2008 ª2008 Elsevier Inc. 23
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by Chromatin Immunoprecipitation
(A) Quantitative PCR (qPCR) on the 4E-BP promoter
region, a known FOXO binding site, and two negative
control genomic regions using template DNA from
FOXO chromatin immunoprecipitation (ChIP) and
mock ChIP with nonimmune serum.
(B) Venn diagram showing the number of genes regu-
lated by FOXO in muscle and in adipose tissue and the
number identified as direct FOXO targets by ChIP.
(C) Luciferase assays on 14 FOXO-binding genomic
ChIP fragments cloned upstream of the basalAdh pro-
moter and firefly luciferase and transfected into S2
cells together with an inducible FOXO expression con-
struct. Bars represent fold change in luciferase activity
16 hr after FOXO induction, normalized to a cotrans-
fected renilla luciferase control. Experiments were per-
formed in triplicate, and experimental samples were
normalized to the level of a ‘‘control’’ firefly luciferase
construct containing only the basal Adh promoter.
(D) Quantitative RT-PCR (qRT-PCR) of Lk6 mRNA in muscle from fed (gray bars) and fasted (dark gray bars) WT and FOXO21/25 mutant animals, normalized
to rp49. rp49 was chosen for normalization because its levels were unchanged in the microarray data or when equal amounts of total RNA were used in an
RT-PCR reaction.
Error bars represent SD.Identification of Direct FOXO Targets
To identify direct FOXO targets, we performed chromatin im-
munoprecipitation (ChIP) on samples prepared from wild-type
larvae and used the recovered DNA to probe Affymetrix ge-
nome-wide tiling arrays. Sample quality was assessed using the
promoter region of 4E-BP, which is known to be bound by FOXO
(Puig et al., 2003). Quantitative PCR (qPCR) showed enrichment
of the 4E-BP fragment in the FOXO ChIP relative to two control
genomic regions (Figure 2A). This fragment was not enriched in
a mock immunoprecipitation. We performed the experiment in
triplicate and consistently identified FOXO binding to the 4E-BP
promoter as well as regions upstream of the InR promoter, as pre-
viously reported (Puig et al., 2003; Marr et al., 2007). In addition,
we identified 519 new regions bound by FOXO. These tended to
cluster near promoters (Figure S4). Motif searching using MEME
software (Bailey and Elkan, 1994) identified the FOXO binding site
GTAAACAA as the second-most enriched motif in these regions,
with a p score of 10105. The most enriched sequence was ACA
CAAACAA, the insulin response element (IRE) found near genes
such as human PEPCK and also thought to be a FOXO binding
site. One hundred and ten of the FOXO ChIP sites were found
near genes that are impacted transcriptionally by FOXO in mus-
cle, whereas 84 sites were found near genes impacted transcrip-
tionally by FOXO in adipose tissue (Figure 2B). Since the FOXO
ChIP experiments were performed using whole larval samples
rather than dissected tissues, the remaining sites presumably
reflect regions bound by FOXO in other tissues.
We selected 14 ChIP regions near genes regulated by FOXO
and tested their ability to serve as cis-regulatory enhancer
elements when linked to a basal promoter directing luciferase
expression in S2 cells. Eleven of the 14 conferred FOXO-depen-
dent regulation, suggesting that they are bona fide FOXO
response elements (Figure 2C).
The Translation Regulator Lk6 Is a Direct FOXO Target
One of the functional cis-regulatory elements came from the first
intron of the Drosophila Mnk-like kinase Lk6. Quantitative RT-
24 Cell Metabolism 7, 21–32, January 2008 ª2008 Elsevier Inc.PCR (qRT-PCR) confirmed that endogenous Lk6 expression is
strongly upregulated in response to fasting and that this re-
sponse is FOXO dependent (Figure 2D). Together, these data
suggest that Lk6 is a direct FOXO target. Lk6 inhibits the activity
of the translation initiation factor eIF4E by phosphorylating it
(Parra-Palau et al., 2005; Reiling et al., 2005; Arquier et al.,
2005). The regulation of Lk6 is analogous to the regulation of
4E-BP. Both are direct targets of FOXO that are transcriptionally
upregulated under fasting conditions. Both block eIF4E activity:
Lk6 by phosphorylation, 4E-BP by binding to eIF4E and blocking
its ability to form the translation initiation complex (Proud, 2006).
This analysis indicates that the FOXO branch of the insulin path-
way acts directly via parallel, independent targets to regulate the
cell’s capacity for protein translation.
FOXO Regulates a Second Tier of Transcription
Factors Including Myc
The number of genes that appear to be direct targets of FOXO is
a small fraction of the total number regulated by FOXO upon fast-
ing (Figure 2B). This raises the possibility that FOXO also acts
indirectly via a second tier of transcription factors. Indeed, four
of the validated FOXO targets, Spen, CHES-1-like, CG13624,
and myc, encode transcription factors. myc caught our attention
because it is involved in tissue growth control (Johnston et al.,
1999) and is a potent regulator of ribosome biogenesis (Grewal
et al., 2005). To confirm the microarray data, we performed
qRT-PCR. We found that myc mRNA levels decreased by 50%
upon fasting in wild-type muscle and that this downregulation
did not occur in FOXO mutants (Figure 3C). This suggests that
when FOXO is active under low-insulin conditions, it downregu-
lates myc expression to reduce translation levels and, conse-
quently, energy burn in muscle. Interestingly, FOXO appears to
act in the opposite direction on myc in adipose tissue. Here,
myc levels remained fairly constant upon fasting in wild-type an-
imals but dropped upon fasting in FOXO mutants (Figure 3D),
indicating that FOXO is normally required to maintain constant
myc levels in adipose tissue in response to fasting. This correlates
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remains more metabolically active than muscle during fasting
(Figure S3).
FOXO ChIP identified a 400 nt region 350 nt upstream of the
myc promoter bound by FOXO in vivo (Figure 3A). In S2 cells, this
fragment conferred FOXO responsiveness when cloned up-
stream of a basal promoter driving luciferase (myc, Figure 3B).
This fragment contains five FOXO binding sites, four of which
are clustered within 70 nt. Removal of these 70 nt strongly
reduced the ability of FOXO to induce expression from this frag-
ment in the luciferase assay (myc-delta, Figure 3B). This suggests
that FOXO can act directly via this element to regulate myc tran-
scription. To assay the in vivo relevance of this regulation, we
used targeted homologous recombination to delete the 70 nt
element from the endogenous myc gene. The 70 nt element
was first replaced with a mini-white gene flanked by LoxP sites.
The mini-white marker cassette was then removed with Cre re-
combinase, resulting in replacement of the FOXO-binding 70 nt
element with a LoxP site. If this targeted region mediates the
effects of FOXO on myc, we would expect its removal to mimic
removal of FOXO in terms of myc regulation. This proved to be
the case in adipose tissue, wheremycmRNA levels in the knock-
out (KO) animals were similar to those in the FOXOmutants under
both fed and fasted conditions (Figure 3D). Although myc mRNA
levels are similar in the FOXO mutant animals and the 70 nt KO
animals, we cannot exclude the possibility that knockout does
Figure 3. FOXO Regulates myc in a Tissue-Specific Manner
(A) Schematic diagram showing themyc locus, the FOXO in vivo binding region
detected by ChIP, and the 70 nt sequence containing four FOXO binding motifs
(upper case).
(B) Induction of luciferase activity in S2 cells following FOXO expression for
a control luciferase reporter, a reporter with a 600 bp fragment including the
FOXO response element (myc), and the same reporter in which 70 nt contain-
ing four imperfect FOXO binding sites were deleted (myc-delta). In all cases,
the enhancer element was cloned upstream of a basal promoter to test its abil-
ity to activate transcription from this promoter in cis. These experiments were
performed in triplicate.
(C and D)qRT-PCRofmycmRNA frommuscle (C) and adipose tissue (D) fromfed
(gray bars) and fasted (dark gray bars) animals, normalized to rp49. Genotypes
shown are WT control, FOXO21/25 null mutant animals (FOXO), and animals in
which a 70 bp FOXO binding region upstream of Myc was knocked out (KO).
Error bars represent SD.not also remove other important regulatory elements besides
the FOXO binding sites. In contrast,myc regulation in KO muscle
was more similar to wild-type muscle than to FOXO mutant
muscle (Figure 3C). Thus, this 70 nt region responds to FOXO in
a tissue-specific manner, accounting for the regulation of myc
by FOXO in adipose tissue. In muscle, the 70 nt element does
not appear to mediate regulation by FOXO. This may indicate
that FOXO acts indirectly onmyc in muscle, or that it acts directly
via other sites that we have not removed.
Myc Mediates Transcriptional Regulation
of TORC1 Targets
Having identified the FOXO-regulated transcriptional targets of
the insulin pathway, we next examined the transcriptional effects
of the TORC1 branch of the pathway. It has been reported that
treating cells with rapamycin, an inhibitor of TORC1, alters
expression of 54 genes, most of which are involved in ribosome
assembly (Guertin et al., 2006). TOR is likely to act via an interme-
diary transcription factor to regulate these genes. To identify this
factor, we performed a MEME motif search on sequences span-
ning 2 kb upstream to 100 nt downstream of the promoters of
these rapamycin-regulated genes. The highest-scoring motif
was cgCACGTGtt, which includes the E box (upper case) bound
by the Myc/Mnt/Max family of transcription factors (Gallant,
2006). The E box was particularly enriched in the 48 genes that
are downregulated by rapamycin, where it is present in >90%
of cases (Figure 4A). Interestingly, a large proportion of these
genes have been implicated in control of cellular growth
(Figure 4A; Guertin et al., 2006). These E boxes showed a strong
positional bias in that most were located within the 50UTR of the
mRNA, less than 100 nt upstream of the open reading frame
(ORF) (Figure S5), in line with earlier observations showing that
functional E boxes are located mainly in 50UTRs (Hulf et al.,
2005). This analysis revealed a nearly perfect correlation be-
tween the presence of E boxes in the 50UTRs of these genes
and whether they are positively regulated by TORC1 to control
cellular growth.
To further assess this relationship, we chose to analyze three
of these genes, Nop60B, PPAN, and CG12785, in more detail.
We first confirmed that the endogenous genes were insulin
inducible in S2 cells and that their expression was inhibited by
rapamycin (Figure 4B). Using reporter constructs containing
the 50UTRs of these genes linked to the firefly luciferase coding
sequence, we observed that reporter activity was reduced by
rapamycin treatment, recapitulating regulation of the endoge-
nous genes (Figure 4C). In each case, mutating the 50UTR E
box reduced reporter gene expression, showing that the E boxes
are important for normal levels of expression of these genes in S2
cells. In the absence of the E boxes, the reporters became insen-
sitive to rapamycin, suggesting that they were no longer TOR
responsive.
We next asked whether activation of TORC1 could increase
expression of these genes. TORC1 is negatively regulated by
the TSC1/2 tumor suppressor complex (Gao et al., 2002; Inoki
et al., 2002). Activation of TORC1 by depletion of TSC1, using
RNA interference, activated the Nop60B reporter, indicating
that expression of this gene is sensitive to TOR activity levels
(Figure 4D). Comparable results were obtained with two indepen-
dent nonoverlapping double-stranded RNAs (dsRNAs) targeting
Cell Metabolism 7, 21–32, January 2008 ª2008 Elsevier Inc. 25
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(A) Genes downregulated by rapamycin in S2 cells (see Guertin et al., 2006 for details) sorted by whether they are (green) or are not (red) implicated in control of
cellular growth. In the right column, green indicates the presence of an E box (CACGTG) within 1 kb upstream of the open reading frame.
(B) Nop60B, PPAN, and CG12785 mRNA levels analyzed by real-time qRT-PCR and normalized to rp49. RNA samples were obtained from S2 cells treated with
insulin (10 mg/ml, 2 hr) or rapamycin (20 nM, 4 hr).
(C–E) Luciferase assays to measure activity of the Nop60B, PPAN, or CG12785 promoters and the same promoters lacking E boxes.
(C) S2 cells were treated with rapamycin (7.5 nM, 6 hr). Promoters with mutated E boxes showed reduced activity and were insensitive to rapamycin.
(D) Nop60B luciferase activity in S2 cells treated for 5 days with two independent dsRNAs directed against TSC1 to activate TORC1. dsRNA against lacZ was
used as a control.
(E) Nop60B luciferase activity in S2 cells treated for 5 days with dsRNAs directed against myc, TSC1, or both. dsRNA against lacZ was used as a control.
Error bars represent SD.TSC1. In the absence of the E box, no activation was observed
(Figure 4D). Together, these results suggest that TORC1 regu-
lates the expression of this set of genes via their E boxes.
To test which of the E box-binding transcription factors might
mediate the transcriptional effect of TORC1, we made use of
RNAi to deplete Mnt or Myc from S2 cells. Mnt depletion had
no effect on reporter gene activity and did not prevent inhibition
of Nop60B by rapamycin (data not shown). In contrast, Myc de-
pletion reducedNop60B reporter activity and preventedNop60B
induction by activating TORC1 (Figure 4E). These findings impli-
cate Myc as an effector of TORC1 in control of gene expression.
ChIP experiments verified that endogenous Myc protein could
be found highly enriched at the promoter regions of Nop60B and
PPAN in S2 cells (Figure 5A). Myc binding increased in response
to insulin and decreased in response to rapamycin treatment,
which blocked most of the input from insulin in promoting Myc
binding (Figure 5B). Analysis of 4E-BP phosphorylation, a
direct readout for TORC1 activity, confirmed the effectiveness
of these treatments on TORC1 activity (Figure 5C). These data
suggest that TORC1 regulates Myc activity by regulating the
amount of protein bound to target promoters. The level of
26 Cell Metabolism 7, 21–32, January 2008 ª2008 Elsevier Inc.histone H3 acetylation, a hallmark of active gene expression,
was correspondingly regulated in Nop60B and PPAN promoters
in response to insulin and rapamycin (Figure 5D), whereas
histone H3 acetylation of a Myc-independent promoter (actin)
was not affected (data not shown).
It is well established that TOR negatively regulates PI3K
signaling, and consequently FOXO, via a feedback loop (Harring-
ton et al., 2004). In view of our finding that FOXO transcriptionally
regulatesmyc, we asked to what extent this feedback loop might
mediate regulation of myc by rapamycin. We analyzed endoge-
nous myc mRNA in S2 cells and found that it was only modestly
reduced in response to rapamycin (Figure 5E). In contrast, the
level of endogenous Myc protein was rapidly and strongly re-
duced in response to rapamycin (Figure 5F). This indicates that
transcriptional feedback onmycby rapamycin has only a modest
impact. TORC1 appears to regulate myc primarily at a posttran-
scriptional level.
We next asked whether regulation of these Myc targets also
occurs in vivo in the fly during nutrient deprivation. We would ex-
pect Myc targets to be downregulated sincemycmRNA levels ei-
ther drop or remain constant (in muscle or adipose tissue) during
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(A) ChIP on endogenous Myc in S2 cells with anti-Myc or control serum, analyzed by qPCR for the Nop60B and PPAN promoters. Levels were normalized to
input DNA.
(B) ChIP as in (A) on samples from S2 cells treated with insulin (10 mg/ml, 30 min) and/or rapamycin (20 nM, 1 hr) or left untreated.
(C) 4E-BP phosphorylation detected as retarded electrophoretic migration with antibody specific for total 4E-BP.
(D) Levels of histone H3 acetylation analyzed by ChIP with anti-acetylated histone H3.
(E) myc mRNA levels measured by qRT-PCR and normalized to rp49. RNA samples were obtained from untreated S2 cells (control) or S2 cells treated with
rapamycin (20 nM, 4 hr).
(F) Immunoblot showing Myc protein levels after rapamycin (20 nM) treatment for the indicated time periods. S2 cells were lysed and endogenous Myc was IP’d
with anti-Myc antiserum and analyzed by western blotting with a second anti-Myc. Kinesin levels in the cell lysates are shown as a control for starting levels.
(G) Heat map showing levels of Myc targets in nutrient deprived versus fed body wall and adipose tissues from wild-type animals, represented as in Figure 1.
Error bars represent SD.nutrient deprivation, while Myc protein levels in both tissues are
expected to fall due to reduced TORC1 activity. Indeed, this set
of Myc targets was downregulated in both tissues in vivo (Fig-
ure 5G). Together, these results indicate that Myc acts in vivo
as a mediator of nutrient-regulated gene expression downstream
of TOR.
In Vivo Requirement for Myc in TORC1-Mediated
Growth Control
To assess the biological significance of this regulatory relation-
ship, we examined the role of Myc in TOR-mediated control of
tissue growth in the developing Drosophila wing. As expected,
knockdown of TSC1 led to significant tissue overgrowth in the
wing, and knockdown of Myc led to strong inhibition of growth
(Figures 6A and 6B) (Gao et al., 2002; Inoki et al., 2002; Johnston
et al., 1999). Intriguingly, knockdown of TSC1 failed to induce any
tissue overgrowth in the absence of Myc (Figures 6A and 6B).
Next, we induced clones mutant for TOR and investigated
whether myc overexpression could rescue the reduced growth
caused by low TOR activity. Although Myc was overexpressed
in the clones, we observed no rescue (Figures 6C and 6D).
Together, these results indicate that although Myc is essential
in the growth-promoting signaling network downstream of
TORC1, myc expression is not sufficient to fulfill the requirement
for TOR activity. This is consistent with the idea that TOR regu-
lates growth in at least two ways, by promoting CAP-dependenttranslation and via Myc to promote ribosome biogenesis. Provid-
ing activity in one path is not sufficient to promote growth while
the other remains inhibited.
In Vivo Consequences of Regulation ofmyc by FOXO
Having identified Myc as a mediator of TORC1 activity, we next
examined the in vivo significance of the transcriptional regulation
of myc downstream of FOXO. To address this, we made use of
the KO mutant flies in which the 70 nt element containing the
FOXO binding sites had been deleted from the myc gene. We
examined these flies under two different low-nutrient conditions,
where reduced insulin signaling activates FOXO. First, during
larval growth, we challenged KO and control animals with
a low-nutrient diet consisting of 20% normal food and 80%
PBS/agarose. Under these conditions, KO animals grew poorly
compared to comparably staged wild-type controls (Figure 6E)
and were delayed in pupation (Figure 6F). In nutrient-rich condi-
tions, both of these phenotypes were strongly reduced (data not
shown). Second, we assayed the ability of adult flies to withstand
complete energy withdrawal by culturing them on PBS/agarose.
In previous studies, we found that under these conditions, ani-
mals with impaired regulation of protein biosynthesis died faster
than controls due to their inability to conserve energy (Teleman
et al., 2005). The FOXO binding site KO animals also died signif-
icantly faster than controls (Figure 6G). These experiments pro-
vide evidence that regulation ofmyc by FOXO plays an important
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Regulation of Protein Biosynthesis by InsulinFigure 6. Regulation of myc by Nutritional Signaling Is Essential for Tissue Growth and Survival upon Nutrient Deprivation
(A) UAS-RNAi against TSC1 and/or myc was expressed between the third and fourth veins of the developing Drosophila wing with the patched-GAL4 driver.
(B) Quantification of the distance between third and fourth veins, normalized to the distance between the fourth and fifth veins. *p < 0.001, **p = 0.47 by Student’s
t test.
(C) Mosaic analysis with a repressible cell marker (MARCM) clones (control, TORDP null mutant, or TORDP null mutant with myc overexpression), induced 60 hr
(±12 hr) after egg laying. Wing imaginal discs were dissected from late third-instar larvae. Green = GFP, red = DAPI.
(D) Quantification of the clone area. *p < 0.001, **p = 0.95 by Student’s t test.
(E) Images of equally staged 7-day-old WT control animals and KO animals in which a 70 nt element containing FOXO binding sites upstream of themyc gene was
removed, challenged on 20% food.
(F) Newly hatched first-instar larvae of the indicated genotypes were placed on 20% food and grown at 25C. Graph shows % of larvae that had reached pupation
on each day.
(G) Survival of 2-day-old adult male flies of the indicated genotypes challenged with complete nutrient deprivation on PBS/agarose.
Error bars represent SD.role in the physiology of energy homeostasis in adipose tissue
and perhaps in other tissues where FOXO acts directly via this
70 nt element to control myc expression.
DISCUSSION
The global transcriptional analysis reported here has revealed
a surprising degree of interconnectedness between the two
28 Cell Metabolism 7, 21–32, January 2008 ª2008 Elsevier Inc.branches of the nutrient-sensing pathway. Insulin, acting
through PI3K and Akt, feeds into the FOXO and TORC1 branches
of the pathway, whereas energy levels (AMP/ATP) and amino
acids act directly on the TORC1 branch (Wullschleger et al.,
2006; Hay, 2005). How are these inputs integrated to maintain
energy balance? It was previously known that 4E-BP is tran-
scriptionally regulated by FOXO and posttranslationally regu-
lated by TOR (Junger et al., 2003; Puig et al., 2003). Our study
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Regulation of Protein Biosynthesis by Insulinhas identified the protein kinase Lk6 as a second direct FOXO
target. Thus, there appear to be two parallel, independent mech-
anisms by which the TOR and FOXO branches of the insulin
signaling pathway converge to regulate eIF4E activity and hence
cellular protein translation (illustrated in Figure 7). This ‘‘belt and
suspenders’’ approach to translational control might be impor-
tant to make the system robust.
A key finding of this study is the identification of Myc as a point
of convergent regulation by the FOXO and TOR branches of the
pathway. myc mRNA levels are controlled by FOXO in a tissue-
specific manner. In addition, Myc protein levels are dependent
on TORC1. Why use two independent means to control Myc
levels? Transcription alone would limit the speed with which
the system can respond to changing nutritional conditions.
This might be detrimental, particularly as conditions worsen.
Regulation of Myc activity by TORC1 permits a rapid response
to changes in energy levels or amino acid availability and could
serve to fine tune the nutritional response in the cell by control-
ling translational outputs (Figure 7). This parallels the situation
with 4E-BP, albeit with a slightly different logic. Reduced insulin
signaling allows FOXO to enter the nucleus and increase 4E-BP
expression and at the same time alleviates TORC1-mediated
inhibition of the existing pool of 4E-BP. A subsequent increase
in energy or amino acid levels would permit rapid reinhibition
of 4E-BP and thus allow a flexible response during the time
needed for the pool of protein elevated in response to reduced
insulin levels to decay.
In yeast, TORC1 is known to regulate ribosome biogenesis
through different nuclear RNA polymerases (Powers and Walter,
1999). It has been shown that yeast TORC1 can bind DNA directly
at the 35S rDNA promoter and activate Pol I-mediated transcrip-
tion in a rapamycin-sensitive manner (Li et al., 2006). Moreover,
yeast TORC1 is known regulate Pol II-dependent RP gene
expression by controlling the nuclear localization of the transcrip-
tion factor SFP1 and CRF1, a corepressor of the forkhead tran-
scription factor FHL1 (Jorgensen et al., 2004; Marion et al.,
2004; Martin et al., 2004). In Drosophila, TORC1 has recently
been reported to regulate a set of protein-coding genes involved
in ribosome assembly (Guertin et al., 2006). In this study, we iden-
tify Myc as the missing link mediating TORC1-dependent regula-
tion of this set of genes. Indeed, the fact that more than 90% of
TORC1-activated genes contain E boxes suggests that Myc
might be the main mediator of this transcriptional program. This
connection suggests that expression of Myc targets as a whole
should be responsive to nutrient conditions. Indeed, we find
that 33% of direct Myc targets—defined as genes reported to
be bound by Myc when assayed by DNA adenine methyltransfer-
ase ID (DamID) in Kc cells and to be regulated bymycoverexpres-
sion in larvae (Orian et al., 2003)—are downregulated upon nutri-
ent deprivation. This is a significant enrichment (p score = 7e10)
of 4-fold relative to all genes in the genome, despite the compar-
ison being based on correlating data from different tissue types.
It seems reasonable that cellular translation rates need to be
dampened if the TOR branch of the pathway senses low amino
acid levels. As ribosome biogenesis is energetically expensive,
it may be advantageous to link ribosome biogenesis and transla-
tional control via TORC1. This dual regulation is well reflected in
tissue growth, since we observed that Myc, the regulator of ribo-
some biogenesis, is essential for tissue growth driven by the TORpathway but not sufficient to drive growth in the absence of TOR
activity. The FOXO branch of the pathway senses reduced insu-
lin or mitogen levels. FOXO is also highly responsive to oxidative
and other stresses and would integrate this information into the
cellular control of translation. Our data support the notion of
a network in which TOR and FOXO regulate protein biosynthesis
by converging on Myc to regulate ribosome biogenesis and on
eIF4E activity via 4E-BP and Lk6 to regulate translation initiation.
The work presented here complements a previous study
(Zinke et al., 2002) in which larvae were either starved completely
or starved for amino acids only, while having a supply of energy
in the form of sugar. A significant and positive correlation (0.4)
indicates general agreement between the two data sets, but they
differ in two ways. Our goal was to explore the regulatory net-
work by which insulin controls cellular transcription. We isolated
individual tissues rather than assaying the whole animal. Genes
found to be regulated in Zinke et al. (2002) but not in our assays
may be regulated in tissues other than muscle or adipose tissue.
Conversely, genes identified only by us might be regulated op-
positely in different tissues or might only be regulated in a subset
of tissues and so be missed in a whole-animal analysis.
Is Myc also involved in nutritional signaling networks in mam-
mals? We did not observe a similar rapid downregulation of
c-myc in response to rapamycin in human cell lines (data not
shown), suggesting that the mechanism by which TOR signaling
controls gene expression may differ between phyla. This is further
supported by the fact that the sets of genes reported to be rapa-
mycin regulated also appear to be largely distinct in Drosophila
Figure 7. A Network Downstream of PI3K Regulating Protein Bio-
synthetic Capacity
Convergent regulation by TORC1 and FOXO in muscle. Myc is transcriptionally
repressed by FOXO and posttranscriptionally activated by TOR. Both inputs
cause Myc activity to increase upon increased insulin signaling, leading to
the expression of a set of E box-containing genes involved in ribosome assem-
bly. Insulin signaling also regulates translation initiation via eIF4E. 4E-BP and
Lk6 are direct transcriptional targets of FOXO that are induced under condi-
tions of low insulin signaling. Both inhibit eIF4E activity either by direct binding
and sequestration (4E-BP) or by phosphorylation (Lk6). 4E-BP binding to eIF4E
is regulated by TORC1.
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the caveat that different cell types were used in the two analyses.
Although the mechanism does not appear to be identical in mam-
mals, there are several suggestions in the literature of a connec-
tion between c-Myc and nutritional signaling. For example, dMyc
and c-Myc share the ability to regulate ribosome biogenesis,
although the specific target genes through which they do so are
different (Grewal et al., 2005; Arabi et al., 2005; Grandori et al.,
2005). There is also evidence that mammalian c-myc expression
in liver is regulated by nutrition (Corcos et al., 1987; Kanamoto
et al., 1994) and that transgenic expression of c-myc in liver
affects metabolism, i.e., glucose uptake and gluconeogenesis
(Valera et al., 1995; Riu et al., 1996). Furthermore, Delpuech
et al. (2007) have recently reported that FOXO3 represses Myc
activity in colon cancer cells by inducing members of the Mad/
Mxi family, which are known to antagonize Myc. Our data suggest
that Max and Mnt are not transcriptionally regulated by insulin or
FOXO in Drosophila, whereas myc is. This is similar to what has
been reported in murine lymphoid cells, in which c-myc expres-
sion is regulated by the FOXO homolog FKHRL1 (Dominguez-
Caceres et al., 2004). These parallels between the fly and mam-
malian systems suggest a broader connection between insulin
signaling and activity of the Myc/Mnt/Max network. Although
some features may be different in the two systems, the similarities
merit further investigation.
Finally, this work has revealed a surprising amount of tissue
specificity in the transcriptional response to insulin signaling.
Roughly half of the genes regulated by insulin in adipose tissue
or in muscle were not significantly regulated in the other tissue.
Furthermore, 155 genes were differentially regulated in the two
tissues (i.e., upregulated in one tissue and downregulated in
the other). This likely reflects the roles of the different tissues in
the organism’s response to nutrient deprivation. Further work
will elucidate the underlying molecular mechanisms.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection
S2 cells were grown at 25C in SFM (GIBCO) supplemented with L-glutamine
or Schneider’s Drosophila medium (GIBCO) supplemented with 10% FCS,
penicillin/streptomycin, and L-glutamine. dsRNA for RNAi-mediated gene
knockdown was generated as follows: DNA for each gene of interest was
amplified by PCR from Drosophila genomic DNA using primers listed in Ge-
nomeRNAi (http://www.dkfz.de/signaling2/rnai/) (Horn et al., 2007) as detailed
in Supplemental Experimental Procedures. Each primer included a T7 pro-
moter sequence. Purified PCR fragments were used as templates for in vitro
transcription reactions (MEGAscript T7 Kit, Ambion) to generate the corre-
sponding dsRNA. S2 cells were treated with 37 nM dsRNA for 5 days. For plas-
mid transfection, Cellfectin (Invitrogen) was used.
Luciferase Reporter Assays
Luciferase assays were performed using the Promega pGL3 reporter system
containing the Drosophila Adh distal promoter amplified from genomic DNA
and cloned into the BglII/HindIII sites to generate the plasmid pAT512. Oligos
are listed in Supplemental Experimental Procedures. The renilla luciferase ORF
was excised from pRL-CMV and used to replace the firefly luciferase ORF in
pAT512 for use as a transfection control. Putative FOXO binding regions
were amplified by PCR to introduce NheI sites at the ends and were cloned
upstream of the Adh basal promoter into the NheI site of pAT512. Luciferase
assays were performed by transfecting S2 cells growing in SFM with the
reporter plasmids together with the renilla control and an inducible FOXO
expression plasmid, pMT-FOXO (Puig et al., 2003). Twelve hours after trans-
30 Cell Metabolism 7, 21–32, January 2008 ª2008 Elsevier Inc.fection, FOXO expression was induced by adding copper to the medium.
Luciferase assays were performed 6 hr later. For TORC1 reporters, fragments
upstream of the ORFs of Nop60B (508 bp), PPAN (1406 bp), and CG12785
(1000 bp) were cloned into pGL3-Basic vector (Promega) using XhoI and Hind-
III sites. E boxes were mutated via site-directed mutagenesis. A Drosophila
actin 5c promoter driving renilla luciferase was used as a control. Luciferase
assays were performed using the Dual-Luciferase Reporter Assay System
(Promega).
Immunoprecipitation and Immunoblotting
For immunoprecipitation, S2 cells were treated as indicated, washed with ice-
cold PBS, and lysed with lysis buffer (20 mM Tris [pH 7.4], 150 mM NaCl, 0.2%
NP-40, 10% glycerol, and complete protease inhibitor cocktail [Roche]). Cell
debris was removed by centrifugation at 10,0003 g for 10 min. Equal amounts
of cell lysate were used for immunoprecipitation with anti-dMyc antiserum
(Maines et al., 2004) using protein A-agarose (Roche). Immunoprecipitates
were washed four times with lysis buffer, boiled in sample buffer, resolved
on 6% SDS-PAGE gels, and transferred to nitrocellulose membranes. Western
blotting was performed using monoclonal anti-dMyc antibody (Prober and
Edgar, 2000). Kinesin levels were analyzed from the cell lysates as a control.
In Vivo Growth Analyses and Food Conditions
Flies were grown on rich food consisting of 3 l water, 36 g agar, 54 g dry yeast,
30 g soya powder, 66 g syrup, 240 g malt extract, 240 g corn powder, 18.6 ml
propionic acid, and 7.2 g nipagin. For low-nutrient challenge, 20% food was
prepared by diluting rich food into PBS/0.6% agarose. UAS-RNAi against
TSC1 and dMyc (lines 22252 and 2947 from the Vienna Drosophila RNAi Cen-
ter) was expressed using patched-GAL4. The distance between the third and
fourth veins was analyzed by ImageJ software (http://rsb.info.nih.gov/ij/) and
normalized to the distance between the fourth and fifth veins. For the mosaic
analysis with a repressible cell marker (MARCM) clones, the following geno-
types were used:
hs-Flp, UAS-CD8-GFP; tub-Gal80, FRT40/ FRT40; tub-Gal4
hs-Flp, UAS-CD8-GFP; tub-Gal80, FRT40/ TORDP, FRT40; tub-Gal4
hs-Flp, UAS-CD8-GFP; tub-Gal80, FRT40/ TORDP, FRT40; tub-Gal4/
UAS-dMyc
TORDP (Zhang et al., 2000) and UAS-dMyc (Johnston et al., 1999) flies were
obtained from the Bloomington Drosophila Stock Center. MARCM clones
were induced by heat shocking larvae 60 hr (±12 hr) after egg laying, and larvae
were dissected at the late third-instar stage. Wing imaginal discs were imaged
by confocal microscopy, and clone size was measured using ImageJ. To an-
alyze Myc expression, wing imaginal discs were stained with monoclonal
anti-Myc antibody.
FOXO Mutants and Myc Enhancer Knockout
FOXO21 and FOXO25 are null mutations caused by EMS-induced premature
stop codons. They were used in trans to avoid any effect of background
mutations. myc mutants lacking the FOXO binding sites were produced by
amplifying, sequencing, and cloning 4 kb genomic flanking regions into the
AscI and NotI sites of pW25 (Supplemental Experimental Procedures; Gong
and Golic, 2003). Knockout was induced by crossing a line containing an insert
on chromosome 3 to flies carrying inducible FLP recombinase and the I-SceI
enzyme (y1 w*; P{70FLP}23 P{70I-SceI}4A/TM6, Bloomington #6925) as
described previously (Gong and Golic, 2003) and screening for inserts at the
myc locus. The mini-white gene was subsequently excised by crossing to flies
carrying inducible Cre recombinase (P{hs-I-CreI.R}2A, v1; ry506, FlyBase
stock #6936), screening for loss of eye pigmentation, and finally sequencing
the locus.
Microarray Profiling and ChIP-Chip
Detailed protocols are provided in Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, five fig-
ures, and one table and can be found with this article online at http://www.
cellmetabolism.org/cgi/content/full/7/1/21/DC1/.
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